Overview
The many achievements of modern agriculture notwithstanding, certain cultural practices have actually enhanced the destructive potential of crop diseases caused by fungi. These practices include the use of genetically uniform crop plants in continuous monoculture, the use of plant cultivars susceptible to pathogens, .and the use of nitrogenous fertilizers at concentrations that increase disease susceptibility. Plant-disease control has thus become heavily dependent on fungicides to combat the wide variety of fungal diseases that threaten agricultural crops (Vliaard e t al., 1993) . Studies aimed at replacing pesticides with environmentally safer methods are currently being conducted at many research centres. Biological control is a potent means of reducing the damage caused by plant pathogens and is environmentally nonhazardous. Although commercialized systems for the biological control of plant diseases are few, intensive activity is currently being geared towards the development of an increasing number of biocontrol agents.
Potential agents for biocontrol activity are rhizospherecompatible fungi and bacteria which exhibit antagonistic activity towards plant pathogens. Before biocontrol can become an important component of plant-disease management, it must be effective, reliable, consistent and economical. To meet these criteria, superior strains exhibiting improved biocontrol activity as well as an expanded host range must become available (Goldman e t al., 1994; Harman et a/., 1989). This goal requires extensive study of the molecular and cellular biology of the antagonistic interactions between the biocontrol agent and the phytopathogenic fungi. The acquired knowledge can be used for genetic manipulations to improve existing biocontrol agents.
Tricho&rrncr spp. are common fungi, found in almost any soil. Members of this genus are antagonistic to other fungi, including plant-pathogenic species. Possible
Most of these studies have been performed with T.
bar+aanam, an effective biocontrd agent of several economically important plant-pathogenic fungi. T. h a q i m m attacks pathogens by excreting lytic enzymes, including glucanases, chitinases, proteases and lipases, which enable it to degrade host cell walls and thus reduce disease incidence (Chet ef a/., 1993 ; Elad a t ul., 1982 ; Lorito e t a[., 1 993).
Chitinolytic enzymes were divided by Sahai & Manocha (1993) into three principal types : (a) 1 ,4-P-ILT-acetylglucosaminidases (EC 3.2.1 .30), which split the chitin polymer into GlcNAc monomers in an exo-type fashion; (b) endochitinases (EC 3 . 2 . 1 ,14), which cleave randomly at internal sites over the entire length of the chitin microfibril; and (c) exochitinases (EC 3.2.1 .14), which catalyse the progressive release of diacetylchitobiose in a stepwise fashion such that no monosaccharides or oligosaccharides are formed. Harman e t al. (1993) termed an enzyme exhibiting this activity ' chitobiosidase '.
I,4-IP-N-Acetylglucosaminidases. Two 1,4-P-N-acetylglucosaminidases have been reported to be excreted by T.
harxiaanzkm. Ulhoa & Peberdy (1991) described the purification of one of these from T. hrar@mtrm strain 39.1. They estimated its native molecular mass to be 118 kDa by gel filtration, whereas by SDS-PAGE this value was 66 kDa.
They therefore suggested that the active form was a homodimer. Haran et al. (1995) reported an N-acetylglucosaminidase of 102 kDa (CHIT 102) which was expressed by T. haqianwm strain TM when grown on chitin as the sole carbon source. They assumed it to be essentially the same enzyme described by Ulhoa & Peberdy (1991) and the different estimates of its molecular mass were suggested to be the result of the different procedures used.
The other 1,4-~-N-acetylglucosam~nidase, purified from T. har~ianzlm strain Pl, was estimated to be of 72 kDa and had a pI of 4 6 (Lorito e t GI,, 1994 (1995) and Harman e t al. (1993) . The PI value of the endochitinase purified from T. barz+mm strain P1 was approximately 3.9 and showed optimum activity at pH 4.0 (Harman eb al., 1993 , 1981) . This is g~~r a l l y achieved through the assistance of other cellwall components, most commonly chitin, but also aglucans and assorted homo-and heteropolysaccharides. However, the nature and location of the wall P-glucans suggest that they may also be degraded and used as nutritional sources, after exhaustion of external nutrients, or for changes in the cell-wall composition during morphogenesis (Pitson et a/., 1993) .
The production of p-glucan-degrading enzymes is a characteristic attributcd to a wide variety of organisms. Fungi are the main producers, with P-glucanases found in most isolates examined (Reese & Mandels, 1963) .
13-Glucanases can act via two possible mechanisms, identified by the products of hydrolysis: (a) exo-o r endwise splitting and (b) endo-or random-splitting (Duncan e t al., 1956 ; Pitson ti ctl., 1993) . Exo-P-glucanases hydrolyse the p-glucan chain by sequentially cleaving glucose residues from the non-reducing end. Consequently, the sole hydrolysis product is a monomer, usually glucose (Pitson et al., 1993; Yamarnoto & Nevins, 1983 ). Endo-P-glucanases cleave P-linkages at random sites along the pol ysaccharide chain, releasing smaller uligosaccharides (Pitson ~t al., 19931 , and may be categorized into two groups according to the hydrolysis product: those principaliy releasing oligosaccharides during hydrolysis, and those rapidly producing glucose and disaccharidcs (Fleet & Phaff, 1981) . Synergistic action between at least two enzymes with different modes of action is common in fungi that degrade /5-glucans (Copa-Patino ef a/., 1990).
P-Glucan-hydrolysing enzymes are classified according to the type of P-glucosidic linkagejs). Due to the abundance and importance of cellulose, the homopolymer of I ,4-Pglucan, it is nu surprise that most of the research has been concentrated on investigating 1,4-P-glucans and their degradation. Functionally complete cellulase enzyme systems can be produced by a large variety of microorganisms, such as aerobic and anaerobic bacteria, and white-rot, soft-rot and anaerobic fungi. Among the bestcharacterized and most widely studied of these systems are the inducible cellulases of T~~G~o~w H Q , particularly those of Trichoderma reesei. liubicck ed al. (1993) reviewed the cellulase system of Trichoderma spp., which consists of three general classes of enzymes : (2) 1,4-/5'-~-glucan cellobiohydrolases (CBH, EC 3.2.1 .91), which cleave (1995) cellobiosyl units from the non-reducing end of cellulose and one P-glucosidasc operate synergistically in the degradation of cellulose by this fungus.
Since 1,3-/Tglucan is one of the main structural components of deuterornycete cell wall (Bartnicki- Garcia, 1968) , the extracellular 1,3-B-glucanase has been thought to be involved in mycoparasitism (Ridout e t a/., 1988). Enzymes with activity against 1,3-P-glucosidic linkages have been described in fungi, bacteria, actinomycetes, algae, molluscs and higher plants (Pitson e t a/., 1993). Although possibly less common, enzymes with activity against 1,6-,!3-glucosidic linkages have also been detected in many fungi and bacteria.
A number of Tricboderma isolates secrete 1,3-p-and 1,6-j?- , 1974) . Along with chitinases and proteases, they are involved in the cell lysis of several phytopathogenic fungi during the mycoparasitic process (Elad e t al., 1982) . Since chitin and /I-glucan are embedded in a matrix of amorphous material, successful cell-wall degradation may depend on the activity of more than one enzyme. Furthermore, chitin seems to be protected by pglucan, and is not readily accessible to chitinases (Cherif & Benhamou, 1390) . It is thus likely that chitinase activity is preceded by, or coincides with, the hydrolytic activity of other enzymes, especially 1,3-P-and 1 ,G-P-glucanases. (Fig. 2) . The gene @&I) encoding this proteinase was cloned and characterized, and the induction of the enzyme was found to be due to an increase in the corresponding mRNA level. 
Lytic enzymes of 1. harrianum and biological control

Regulation during mycoparasitism
Upon contact with the host, T. krtr@apzzrm mycelium coils around or grows along the host hyphae and forms hooklike structures that aid in penetrating the host's cell wall (Elad etal., 1983) . In T. har+anmv strain T-Y, this reaction has been found to be rather specific, and lectincarbohydrate interactions were assumed to mediate the recognition and attachment between Trichoderma and soil-borne plant-pathogenic fungi. Recently, Inbar & Chet (1994) isolated and purified a new lectin from the culture filtrate of the soil-borne plant pathogenic fungus Sclerottfim ro&?. The authors developed a binmimetic system based on nylon fibres designed to imitate the pathogen hyphae. The purified lectin, bound to the surface of these nylon fibres, specifically induced mycoparasitic behaviour in T. h a r~+~m . The fungus formed tightly adhering coils, which were significantly more frequent with the purified-agglutinin-treated fibres than with untreated controls, or with those treated with nonag g 1 u t i natin g extra c e 1 lu 1 a r proteins from ,Ycter. TO @Zi. Inbar & Chet (1995) further showed that the induction of a 102 kDa glucosaminidase {CHIT 102) is an early event elicited by the recognition signal (i-c lectin-carbohydrate interactions). When T. hdrxiantlm was grown in dual culture with Scler. rolfsii, CHIT 102 activity was the first to be induced. As the interaction proceeded, the activity of CHIT 102 diminished concomitantly with the appearance of another glucosaminidase of 73 kDa (CHIT 73).
Carsolio e t at. (1994) reported strong enhancement of CHIT 42 expression during interactions of T. har+mm strain IhlI 206040 with Rhipctoonku sotmi (see Fig. 3) . Schirmbock These results suggest that a recognition event initiates a set of specific mycoparasitic responses, consisting of morphological as well as biochemical changes : coiling and appressoriurn formation, induction of unique combinations of chitinolytic enzymes, and induction of other cell-wall-hydrolysing enzymes such as glucanases and proteases.
Synergism of hyddytic enzymes
The antifungal activity of cell-wall-degrading enzymes has recently been studied by several authors. Lorito a t al.
(1 993) tested antifungal activity of purified endochitinase and exochitinase (chitobiosidase) produced by T. bar+-Q~W H strain P1. Inhibition of spore germination and germtube elongation were used as bioassays to evaluate the level of antifungal activity against different fungal species. Both processes were inhibited in all chitin-containing fungi tested, except T. barxialazlm. The degree of inhibition was found to be proportional to the levels of chitin in the cell waIl of the target fungi. These chitinolytic enzymes appeared to be biologically more active than enzymes from other sources and more effective against a wider range of fungi. Combining the activities of the endochitinase and exochitinase (chitobiosidase) resulted in a synergistic increase in antifungal activity. The authors suggested that mixtures of hydrolytic enzymes with complementary modes of action may be required for maximum efficacy and that correct combinations of enzymes may increase i~ va'tro antifungal activity. Lorito e t al. (1994) reported the purification of two additional cellwall-degrading enzymes from the same strain of T. barz$mzarn : an N-acetyl-/%-glucosarninidase and a glucan 1,3-P-glucosidase. Using the above bioassays, they found a synergistic inhibitory effect on B. cinerea spore germination and germ-tube elongation when two, three or four enzymes were applied together. The highest level of antifungal activity was obtained when a solution containing all four cell-wall-degrading enzymes was used.
A similar phenomenon has been reported in plants. Using transgenic tobacco, Jach e t 66. (1995) showed that when a heterologous class-11 chitinase was co-expressed with a heterologous class-I1 1,3+-glucanase, the transgenic tobacco plant exhibited significantly enhanced protection against fungal attack as compared to protection levels obtained when either heterologous gene was expressed alone.
Synergism of Iytic enzymes and other antifungal compounds
Schirmbiick a t al. (1994) reported the parallel formation and synergism of hydrolytic enzymes and peptaibol antibiotics, formed by T. hm-xianzrm strain ATCC 36042 when grown on cell walls of B. cinerea. Purified txichorzianines A, and B,, as well as purified exochitinase (chitobiosidase), endochitinase, o r glucan 1,3-P-glucosidase, inhibited spore germination and hyphal elongation only at concentrations higher than those observed in culture supernatants. However, when the enzymes and the peptaibois were tested together, a synergistic antifungal interaction was observed and the ED,, values were in the range of those determined in the culture supernatants. When endochitinase and exochitinase (chitobiosidase) from T. har+mm were combined with a biocontrol strain of Enterobacter cloacae, antifungal activities were increased synergistically (Lorito et a/., 1993) .
Synergistic activity might serve as a tool to reduce the use of hazardous chemical fungicides. A synergistic effect was Tricbodermn lytic enzymes and biocontrol activity found when commercial fungicides against B. cinerea were mixed with any of the chitinolytic or glucanolytic enzymes, and antifungal efficacy was Significantly enhanced . Dose-response curves were determined for each combination of toxin and enzyme, and in all cases the ED5o values of the mixtures were substantially lower than those of each compound alone. The level of synergism appeared to be higher when enzymes were combined with toxins having primary sites of action associated with membrane structure, as compared to pesticides having multiple or cytoplasmic sites of action. The use of hydrolytic enzymes to enhance the antifungal ability of fungitoxic compounds could reduce the impact of some chemical pesticides on plants and animals.
Heterologous genes as a tool for improving biocontrol activity
Successful biocontrol is dependent upon several factors, including the development of superior biocontrol strains (Chet eb a/., 1993) . To this aim, one of the most attractive approaches is the production of transgenic strains with genetic components conferring improved antifungal features.
Cell-wall-degrading enzymes have been shown to be strong inhibitors of fungal growth and survival, and can therefore be used to improve biocontrol activities. Shapira e t a/. [ 1989) demonstrated the involvement of chitinase in the control of Scler. ru&i by genetic engineering techniques: the gene &A, encoding the major chitinase produced by Serratia marcescens, was cloned into E. cdi.
The enzyme produced by the cloned gene caused rapid and extensive bursting of Scler. rolfsiz hyphal tips. This chitinase preparation was also effective in reducing the incidence of diseases caused by Scler. ru'olfszi in bean and by K. solani in cotton, under greenhouse conditions. Sitrit e t d. (1993) introduced the cbiA gene from Jerr. marcescem into the plant symbiont SinnOrhi@izrm (Rhi-?obiam) meliloti, which colonizes alfalfa root nodules. They showed that Sinorhipbimz colonies harbouring the chitinase gene exhibit antifungal activity during symbiosis on alfalfa roots. The importance of chitinolytic activity in biocontrol has been demonstrated by Chernin e t al. (1 995). Chitinolytic strains of the bacterium Enterubacter agglomercms decreased the incidence of disease caused by R. solani in cotton by 64-86 YO. In contrast, Tn5 mutants of the bacterium, which were deficient in chitinolytic activity, were unable to protect the plants against the disease.
Enhancement of biocontrol activity by T. hnar+mm (T-35) was attempted by Haran e t al. (1993) . An Serr. mzircescens chitinase gene was introduced into the T. barxianwm genome, under the control of a 35s constitutive promoter from cauliflower mosaic virus. The authors expected constitutive elevation of extracellular lytic activity to improve the natural capability of T. har@~nrnm to attack pathogens, thereby enabling its consequent use as a superior biocontrol agent. T. har+mzrm protoplasts were co-transformed using two plasmids : (a> pSL3ChiAI1, containing a bacterial chitinase gene from Serr. marcescens under the control of a constitutive viral promoter and [b) p3SR2, encoding acetamidase cloned from Aspergihnidrnlans, as a marker for selection after transformation. When grown on glucose, the T. h~~rz+mm~ transformants produced and excreted a protein that was detected by SDS-PAGE as a major band of 58 kDa, the size of the Ser-r. mnarcescens-produced chitinase. The transformants expressed significantly higher chitinase activity than the recipient (wild-type), suggesting that the signals for expression of the introduced gene had been recognized by T. harxianmv, However, the higher chitinase activity occurred only when the transformants were grown on glucose. When grown in the presence of chitin, both transformants showed lower chitinase activity than the wild-type. Western blot analysis of the proteins excreted by the transformants in the presence of chitin revealed two species of proteins reacting specifically with the polycfonal antibodies against the J'err. mndrcescens chitinase (ChiA). These proteins were of 40 and 18 kDa, relative to the 58 kDa protein of Jerr. marcescens. These results suggest that under non-inductive conditions, the transformants produced the approximately 58 kDa chitinase encoded by the introduced chiA gene, and that induction by chitin caused cleavage of this protein into two fragments of 40 and 18 kDa. The cleavage of foreign proteins by host proteases has previously been reported in Sacc. cereviszae (Bonnet & Spahr, 1990 ).
The natural chitinolytic system of T. har7iunum is composed of at least seven distinct enzymes ( Table 1) . As a result of the cleavage event, additional foreign fragments of 40 and 18 kDa were excreted by the transformed T .
harxianam during induction. These fragments could have interfered with the natural excretion of the native chitinases, explaining the observed decrease in the chitinase activity of the transformants under inductive conditions. Fitness evaluations showed that the transformants were not biologically inferior to wild-type T. bar+znzrm in biomass production, growth rate or sporulation. Antagonism evaluation using dual cultures showed that the transformants overgrow the pathogen Scler. rnlfsii at the same rate as wild-type T. harTianrnm. However, while overgrowing the pathogen, the transformants produced wider clear lytic zones relative to the wild-type, probably as a consequence of their higher constitutive chitinase activity (Fig. 4) . The higher activity of the chitinase excreted by T. har+untrpn transformants could protect germinating seedlings from certain soil-borne pathogens. Constitutive expression could produce extracellular lytic activity early on, whereas induced enzymes are produced only after the biocontrol agent interacts with the target pathogenic fungus.
The promoters of constitutive genes have proven themselves to be useful parts of expression vectors for genetic engineering in different organisms. W'hereas promoters isolated from other organisms can sometimes prove useful, one can never be sure that they will work similarly S. H A K X N , H. S ( : H I C K L E K and 1. C H E T -_ .. ........... ....., .......... ..,...... ............ ..... .... ,.... ~ ........ ................,. . One of these cDNA clones corresponded to a gene (cob4) that encodes a novel seritie + alanine-rich protein, Northern (RNA) blot analysis demonstrated that mi74 was expressed during growth when glucose or cell walls of a phytopathogenic fungus were provided as the carbon source. They suggested that constitutively expressed genes could provide reliable promoters useful for genetic manipulations.
Most of the work on T. h m x i m m as a biocontrol agent
has been performed with phytopathogenic fungi which contain mainly chitin and P-glucan as cell-wall components. However, plant-pathogenic oomycetes contain cellulose as the main cell-wall component (BartnickiGarcia, 1368). Migheli e t al. (1994) attempted a different way of improving Trichoderma as a biocontrol agent by using the enzyme 1,4-P-endoglucanase, Hppercellulolytic strains of T. longihrclchiatum were obtained by co-transformation of plasmid pTLEG12, which contains the egll gene for the 1,4-P-endogIucanase of T. lolagibrachiatw,v and plasmid pAN7-1, which confers hygromycin B resistance, for selection after transformation (Sanchez-Torres e t al., 1994). The transformants were tested for their ability to reduce Pjfhiarn damping-off on cucumber seedlings, and were shown to be significantly more effective in controlling the disease than the wild-type (disease incidence was reduced from 60 to 28 YO). These (1996) attempted to increase the prbl gene dosage by introducing multiple copies o f p r h f into the Trichoderma genome. Integration occurred as multiple copies arranged in tandem, as has been previously described (Goldman e t d., 1990; Herrera-Estrella ef a/., 1990) . The number of copies was estimated at 2-6 in the various transformants obtained. Densitometric analysis of RNA expression by Northern, and protein expression by K'estern analyses, indicated that the levels ofprbl mRNA and protease secreted by the transformants were up to 17-and 20-fold higher than in the wild-type strain, respectively. However, analysis of prbI mRNX and Prbl protein production by each of the transformants indicated that highprbl m R N h production does not always result in high protein production, The various transformants showed a gradient of proteinase protein production. The successful overexpression of the prbl gene, driven by its own promoter, led the authors to test the effectiveness of the transformants as biocontrol agents (Flores e t dl., 1996) . Greenhouse experiments were performed in which the transformed T. harq+umm strains were used to protect cotton seedlings from R. salani. An up-to-fivefold increase was observed in the biocontrol efficacy of the transformed strains, as compared to the wild-type. However, the best protection was provided by a strain which produced onlp an intermediate level of proteinase protein. The authors suggested that extreme levels of proteinase protein might cause degradation of other enzymes which are important in the mycoparasitic process. These results demonstrated that the introduction of multiple copies of prb I improves the biocontrol activity of T. har~iaanzim and showed the importance of the proteinase Prbl in biological control.
Summary
The direct rnycoparasitic activity of fungi of the genus Trichoderma has been proposed as one of the major mechanisms involved in their antagonistic activity against phytopathogenic fungi. Multiple enzyme systems are involved in the parasitic interactions. The chitinolytic system, as well as the glucanolytic system, are composed of enzymes with different modes of action. Only one alkaline proteinase has so far been found to be involved in the process.
The creation of gene-disrupted strains of T. hurqiamm has not been reported ro date. Thus, the significance of the individual gene products in the mycoparasitic process was not assessed. Ilowever, in vitro studies using these enzymes, purified from T. brtr@mzim, have shown their direct antifungal effect. Synergism of this effect was reported when combinations of the various enzymes were used. capable of producing highly efficient synergistic combinations of enzymes are produced, much better disease control should be obtained. T r a n s g e n i c Trichoderma therefore offers the potential of substantially reducing the quantity of chemical fungicides required to produce disease-free plants.
